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Abstract 
The low earth orbit (LEO) environment contains a large number of artificial debris, of which a significant portion is due to dead sat-
ellites and fragments of satellites resulted from explosions and in-orbit collisions. Deorbiting defunct satellites at the end of their life can 
be achieved by a successful operation of an Electrodynamic Tether (EDT) system. The effectiveness of an EDT greatly depends on the 
survivability of the tether, which can become debris itself if cut by debris particles; a tether can be completely cut by debris having some 
minimal diameter. The objective of this paper is to develop an accurate model using power laws for debris-size ranges, in both 
ORDEM2000 and MASTER2009 debris flux models, to calculate tape tether survivability. The analytical model, which depends on tape 
dimensions (width, thickness) and orbital parameters (inclinations, altitudes) is then verified with fully numerical results to compare for 
different orbit inclinations, altitudes and tape width for both ORDEM2000 and MASTER2009 flux data. 
©2014 COSPAR. Published by Elsevier Ltd. All rights reserved. 
1. Introduction 
Deorbiting defunct satellites at the end of their life to 
reduce the chances of Kessler cascading (Kessler and 
Cour-Palais, 1978) can be achieved by a successful opera-
tion of an Electrodynamic Tether (EDT) system. An 
EDT works on the basis of the interaction between the elec-
tric current flowing along the tether and the geomagnetic 
field, which produces a Lorentz drag force, the current 
being itself induced by the tether motion relative to the 
Earth's magnetized ionosphere; this reflects on the thermo-
dynamic character of that interaction, always leading like 
air-drag, to a decrease in the relative motion of tether 
and ambient plasma. For more than a decade till now dif-
ferent studies have been carried out on various tether con-
figurations and deorbiting performance (Forward et al., 
1998; Vannaroni et al., 1999; Van der Heide and Kruijff, 
2001; Ahedo and Sanmartin, 2002; Gilchrist et al., 2002; 
Nishimine, 2002; Pearson et al., 2003), providing a propel-
lantless, cost-effective solution to deorbiting dead satellites 
as well as future satellites after their desired work-life. The 
bare tether concept, which has the tether bare of insulation, 
collecting electrons itself, has eliminated the need for a 
plasma contactor at the anodic end (Sanmartin et al., 
1992; Sanmartin et a l , 1993). 
The low earth orbit (LEO) region, being itself congested 
by numerous artificial debris caused by space exploration 
for the last 60 years, poses a risk to safe operation of an 
EDT, which, if cut due to collisions with particles, can itself 
be a kind of debris for other operating satellites. The colli-
sion risks are more likely to occur with smaller objects than 
with comparatively larger ones as the flux of larger objects 
at LEO altitudes is significantly low. Previous analysis 
showed that a tape performs much better than a round 
tether at survival against debris impact (Khan and Sanmar-
tin, 2013). For given time in orbit, a tape experiences a 
number of fatal impacts about one and a half orders of 
magnitude lower than a round tether of equal mass and 
length. Because deorbiting from a given altitude is faster 
for the tape due to its larger perimeter, its probability of 
survival in a practical sense is even higher. Objective of 
the present study is deriving an approximate analytical 
model to calculate tape survival probability at given condi-
tions, based on man-made debris flux represented by both 
NASA and ESA models, calculated for the altitude range 
250-1500 km, different inclinations and different values of 
width and thickness; this simple model should be useful 
for preliminary design on tape dimensions for satellite 
deorbit missions. A second objective is to check the accu-
racy of the analytical model by comparing its results with 
fully numerical computations from the NASA 
(ORDEM2000(Liou et al., 2002)) and ESA (MAS-
TER2009 (Flegel et al., 2009)) flux data. 
Sections 2 and 3 present models for fatal impact rate and 
cumulative debris flux data (as presented by ORDEM2000 
and MASTER2009) respectively. Results are compared 
with fully numerical computations in Section 4, and then 
Section 5 summarizes basic conclusions. 
2. Fatal impact risk modeling 
For a tether while deorbiting, collision risk is roughly 
denned as the product of tether-debris effective collision 
area, deorbit time and the concerned flux of particles. 
One needs taking into account the macroscopic size of deb-
ris while calculating collision cross-section area, as debris, 
representing a potential threat on severing a tether, do have 
considerable size compared to tether width. The Poisson 
distribution gives the tape survival probability which, if 
high, is just e~Nc ~ 1 — Nc, where Nc <C 1 is the number 
of fatal impacts. The small-debris fatal impact rate per unit 
time and tape length L can be written as (Khan and San-
martin, 2013) 
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as extension of the usual estimate for round tethers (Pardi-
ni et al., 2007; Pardini et al., 2009), with F(8) cumulative 
debris-flux down to a generic debris size 8, tether resident 
time in orbit At, and 9 impact angle relative to normal to 
the wide side of the tape. Also 8m(9) is the lower bound 
in the <5-integral in Eq. (lb), the upper bound 8^ being 
any large debris size, say 1 m. Deff(8,9) is an effective 
(equivalent) "diameter" for collisions. 
Energy considerations and empirical results show that 
hypervelocity impact of debris particles on a surface exca-
vate hemispherical pits/craters or puncture holes depend-
ing on the thickness and material of the exposed surfaces. 
The size of excavated hemispherical pits/craters can be sev-
eral times the diameter of the impactor particle (Hayashida 
and Robinson, 1992; Ryan and Christiansen, 2010; Simon 
et al., 1993; Francesconi et al., 2012), depending on the 
impact velocity as well as materials properties but the value 
3 times is considered representative. However, if the mate-
rial behind the surface is thin (like in our case, a tape) rel-
ative to the diameter of the debris particle, the impact 
actually produces a punctured hole about the size of the 
impactor; this is because the particle is not allowed suffi-
cient time to get very hot, which disrupts the compression 
wave by a propagating shock (Hastings and Garrett, 1996). 
In the case of a round tether of diameter D, the exca-
vated volume was to be equated to a cut-off chunk of 
tether, 
2-2n[~2~) =°mnD j\=> bm=— (2) 
Further, one introduces an effective diameter (front area 
per unit length), Deff = 5 + D — 5C, which takes into 
account the need for debris and tether volumes to overlap 
in fatal collisions. The overlap is represented by a fraction 
of diameter, typically taken as 8C = 8m, yielding 
Deff = 8 + 2D/3 (Kessler, 2000). 
For a tape with width w and thickness h, the front area 
per unit length ("diameter") is 
D(9) = w(cos9 + esin9) = w'B, e = h/w (3) 
leading to an effective (equivalent) "diameter", 
Deff(8,9)=8 + w'g-8c, 8c=w'e/3 (4) 
As regards 8m there is a basic difference with the round 
tether case. As Eq. (2) we would now have, 
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which is much less than 8C = w'g/3 except for 9 very close to 
7i/2 (glancing impact, see Fig. 1). This basic differencere-
flects on the fact that a debris of size ~ \fwh just punctures 
a hole and leaves almost no energy in the tape material. 
For a tape, away from glancing incidence, 8m is taken as 
equal to 8C = w'g/3 as required by the need to provide vol-
ume overlap, 
^{9) = l-w'g for9^9gl (6) 
where 9gl is the angle marking the start of glancing inci-
dence, where both conditions Eq. (5) and Eq. (6) hold. 
Using Eq. (6) in Eq. (5), 
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where we used cos9 ;$> e from Eq. (7) itself, finally yields, 
Zm{9)=8gl=l-\jtj^h for9>9gl (8) 
Fig. 1. Glancing incidence, impact angles corresponding to 8 > dgt. 
For debris flux .Fwe shall use separately ESA's Meteor-
oid and Space Debris Terrestrial Environment Reference 
(MASTER2009) model and NASA's Orbital Debris Engi-
neering Model (ORDEM2000), which is comparatively 
conservative, both allowing for simple analyses. Using 
D eff <5oo at 8 = <5oo, the 8 -integral of Eq. (lb) can be 
rewritten as, 
1(9) = w'gF(8m) - 8^(8^) + / d8F(8) (9) 
where the second term on the right hand side is very small 
and hence neglected afterwards. 
3. Debris flux modeling 
Predicted flux values by MASTER2009 are almost one 
order of magnitude lower than ORDEM2000 in the diameter 
range of interest of around 1 mm, for typical values \fwh ~ 
1 mm. For 8 > 1CT4 m, the ORDEM2000 flux, regardless 
of orbit inclination, can be accurately approximated as three 
power laws meeting at points 8*, F* and 8t, i%(Fig. 2), which 
is also reasonably valid for MASTER2009. 
The Power law approximations of flux for three different 
diameter ranges can be written as, 
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F,(8) = F\8*/8T 
F2(8)^ Ft(8t/8f\ 
8 < 8* ~ \mm 
Ft(8J8)ni, 5*<8<5t 
8,<8 
(10) 
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Fig. 2. Flux vs. debris diameter (ORDEM2000 and MASTER2009), for 
year 2013. 
Typically, 8t lies around a value 2 cm, which also lies 
around the maximum width for the Orbital Motion Lim-
ited (OML) current law for a cylindrical probe to hold at 
typical Debye lengths (Sanmartin and Estes, 1999), and 
8* values range over 1 mm, except at altitudes 825-
950 km for ORDEM2000 data. 
In Eq. (10) «0,«i, and n2 are the three approximate 
slopes for flux vs. debris diameter in log-log scale, for the 
aforementioned diameter ranges. Actually, MASTER2009 
barely shows a break in power law at 8.t,F.t, with n2 ~ «i 
(Fig. 2). Further, for both MASTER2009 and 
ORDEM2000, the flux at 8 > <S„ is already very low and 
contributes negligibly to 1(9) in Eq. (9), the n2 power law 
dropping from the analysis altogether. Fig. 3 presents 
«o, «i, and 8*(cm) versus orbital altitude //showing very lit-
tle dependence on orbital inclination. Representative F* 
(and i%) values cover a large range, however. 
Assuming 8m(9) < 8* we can write Eq. (9) as, 
1(9) w'g 8mF0(8m) 
8*F* 8*F* 
d8F0(8) 
8*F* 8*F* (11) 
where we already ignored the F2 integral from 8* to <50 
Carrying out the two integrals in Eq. (11), we find 
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where the last term can also be ignored. 
As regards the ^-integral, we write Eq. (la) as 
&9 
^/2J < 0gi) + 
2 d9 
1(9 > 9gl) (13) 
and using Eqs. (6) and (8) for 8m in Eq. (12), we finally 
obtain, 
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We note that angles below but close to 9gl are dominant in 
the first integral. This justifies our having assumed 
8m(9) < 8* because, from Eq. (8), 
8m ~ 8gi = \j3\jAj-K\fwh , which is typically a few hundred 
microns; e.g. about 375 /im for w = 20 mm, h = 50 /im. 
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Fig. 3. Variat ion of slopes n0, n\ and <S* with altitude, for year 2013. 
For such particle size, orbital debris flux values are up to 
one order of magnitude larger than meteoroid flux, except 
at the few hundred kilometer altitudes (Pardini et al., 
2009). 
Then, using n/2 — 9gl <C 1 and n0 — I > I (as seen in 
Fig. 3), we define cosO = vcos9gl to find, 
d6 
o (cos 9) «o-l 
l/cos9gi dv 
V""-1 yjl - (cOs6glfv2 
dv 1 
V"o- «o - 2 
Eq. (14) finally simplifies to, 
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4. Discussion of results 
The present model of fatal impact rate, as shown in Eq. 
(15), exhibits a dependence predominantly on tape dimen-
sions and orbit altitude as ric(w, h/w,H). Eq. (15) will allow 
simple deorbit calculations for survival. For MAS-
TER2009, given the n0 > n\ data, the last term in Eq. 
(15) is negative (Fig. 3 and Fig. 4a), mostly contrary to 
the case of ORDEM2000. A series of figures have been 
plotted for fatal impact rate ric, calculated from both our 
simple approximation Eq. (15) full numerical calculations 
using Eq. (la) for both ORDEM2000 and MASTER2009, 
where results obtained using the former shows higher fatal 
impact rate as its predicted flux F* is about one order of 
magnitude larger (Fig. 4b), as mentioned earlier. Figs. 5 
and 6, for ORDEM2000 and MASTER2009 respectively, 
show nc versus H at two different orbital inclinations 
63°and 90° for a fixed thickness h = 50fim, and four values 
of width w, typically lying within or close to the range of 
OML validity (Sanmartin and Estes, 1999; Estes and San-
martin, 2000), for a definite time interval At = lyear (year 
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model overestimates and underestimates results for narrow 
and wide tapes respectively. Maximum deviation may 
reach about 12%. In the MASTER2009 case the model 
underestimates numerical results throughout, at most by 
10%o. For ORDEM2000 data, since 8gl oc \fwh approaches 
1 mm and the range 8 < 1 mm loses relevance, our simple 
results decrease relative to numerical values being almost 
coincidental at w = 45 mm, h = 50 /im (Fig. 5). For MAS-
TER2009 data no such dependency is found. Typically, 
then, our calculations involve debris size not much below 
1 mm to around 1 cm, having flux sensibly larger than 
micrometeoroid flux except at the lowest altitudes. 
(w,h) and orbit parameters (altitude H and inclination i). 
Further, this simple model will be useful for preliminary 
and L) depending on 
(e.g. satellite mass, ini-
optimistic for MAS-
35 times lower than 
design on tape dimensions (w,h, 
desired deorbit mission conditions 
tial altitude). Results arc more 
TER2009, which is almost 8 to 
ORDEM2000, varying on altitude. 
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